Abstract -Introduction. Melon (Cucumis melo L.) is highly appreciated by consumers due to its sensory attributes and nutritional content. Producing minimally processed fruit has potential, because consumers look for freshness and convenience. However, fresh-cut processing increases the contact enzymes and their respective substrates because the cell tissue rupture, and this causes browning, softening and decay. This study investigated the effect of a combination of heat treatment with active modified atmosphere packaging on the quality of fresh-cut melons. Materials and methods. Whole 'Charentais' melon fruits were dipped in hot water (at 50
Introduction
Melons (Cucumis melo L.) belong to the family Cucurbitaceae. The fruit contains about 90% water besides minerals, and vitamins C, E and A, the latter mainly in fruits with orange pulp, due to the presence of β-carotene. These characteristics make this fruit appreciated by consumers, who do not choose melons mainly for their nutritional properties, but rather according to the organoleptic properties of the fruit [1] . The 'Charentais' type of melon is of French origin, belongs to the Cantaloupensis group, and has or not a net peel. The peel is light green and the pulp can vary from orange to salmon, this being considered the most refined. These fruits stand out for their strong and pleasant aroma.
Demand for fresh-cut products has been increasing in recent years, mainly because consumers look for freshness and convenience. However, 85% of the market is represented by fresh-cut salads [2] . Fresh-cut melons have a real potential for the fresh-cut industry. However, rapid deterioration after harvest and during transport and storage is a serious problem. The fresh-cut processing increases the metabolic activity, the contact between enzymes and their respective substrates because of the cell tissue rupture, and this causes browning, softening and decay. Polyphenoloxidase (PPO) and peroxidase (POD) are the main enzymes inducing browning. These oxidizing enzymes react with the plant phenolic compounds to produce quinones, which self-oxidize and polymerize via non-enzymatic mechanisms to produce some insoluble greater complexes, so-called "brown pigments".
Post-harvest techniques such as refrigeration and controlled or modified atmosphere packaging (MAP) are largely used to extend the shelf life of vegetables. MAP consists of the alteration of the O 2 and CO 2 gaseous environment produced as a result of fruit respiration (passive MAP), or by addition/removal of gas(es) from the food package (active MAP). For fresh-cut products, synthetic polymeric films are the most widely used packaging, such as low-density polyethylene (LDPE) or oriented polypropylene (OPP). However, the extensive use of synthetic packaging films has led to serious ecological problems due to their total non-biodegradability.
Due to environmental recommendations, research on biodegradable films has become essential. Polylactic acid (PLA) film is a biodegradable packaging originating from agricultural sources such as starch and representing a good alternative for food. The growing environmental awareness requires packaging films and processes that have both user-friendly and eco-friendly attributes. As a consequence, biodegradability is not only a functional requirement but also an important environmental attribute. Different packaging materials, differing in water vapor and gas barrier properties, for preserving the quality of dipped and undipped fresh-cut produce were studied by Conte et al. [3] , who found that biodegradable films, combined with a dipping pre-treatment, represented a good compromise between film performance and environmental impact.
However, these traditional methods are sometimes not sufficient to increase the storage of fresh-cut fruit. Other physical methods can be proposed such as heat treatment. Applied by hot water, vapor heat or hot air, it can control insect pests, prevent fungal rots and increase resistance to chilling injury [4] .
Heat treatments also inhibit fruit ripening and softening and improve the post-harvest quality of whole fruit. This was observed, for instance, in the case of apple [5] , strawberries [6] , citrus [7] , mango [8] and melon [9] . Concerning fresh-cut fruit, heat treatments are mostly applied before processing to delay the ripening and senescence processes. Heating whole melon fruit at 50
• C for 60 min improved the fresh-cut produce quality, decreasing both the respiration rate and the moisture loss, and increasing the sweet aromatic flavor [10] .
This study intends to combine heat treatment and active MAP to improve the storage of fresh-cut melons and evaluate the process as potential bio-packaging.
Materials and methods

Plant Material
'Charentais' type melons (Cucumis melo L.) were purchased at a local supermarket in Avignon, southern France, a famous production area, and immediately brought to the laboratory. Fruits were selected for their uniformity (size and color) and absence of visible wounds or infection.
Heat treatment and fresh-cut process
Whole melon fruits were washed in tap water and prepared in two batches: the first one was immersed in a hot water bath for 30 min at 50
• C (HT); the second one was used as control (CTRL). Heated fruits were cooled in water at 13
• C for 15 min. The heating temperature (50 • C) and the immersion time (30 min) were used according to preliminary tests, where we studied the effect of 50−60
• C for 30−60 min (data not shown). A correct selection of the couple time-temperature must be investigated since different responses can be obtained [11] .
The fresh-cut process was as follows: melon fruits were peeled and cut into cubes (2 × 2 cm), washed in chlorinated water (80 ppm free chlorine, 13
• C, pH 7 for 1 min), rinsed in tap water for 2 min, and dried in ambient conditions for 5 min on blotting paper. Samples of approximately 20 cubes (130 g) were stored under several conditions: i) ambient air (AIR), in a glass jar to maintain high relative humidity around the samples, or ii) active modified atmosphere packaging (MAP), in trays covered with oriented polypropylene (OPP) or polylactic acid (PLA) film, and initially flushed with a gas mixture composed of 2−3% O 2 and 7−8% CO 2 before sealing. For each treatment, there were four samples (replicates), each stored at 6
• C for 11 days. Quality analyses and enzymatic activity analyses were performed at 0, 2, 4, 7 and 11 days of storage.
Quality analyses
Analysis of headspace gas composition
During storage, the headspace gas composition was determined through a silicone septum glued onto the film, in four trays per treatment. The gas composition of the packages was evaluated by quantifying O 2 and CO 2 concentrations using a gas analyzer (Checkmate 9900, PBI Dansensor, Ringsted, Denmark).
Sensory quality score
Three judges scored the cubes of melons based on changes in color, visible structural integrity and odor. The visual quality score was based on the following scale [12] : 5: excellent, just sliced, 4: very good, 3: good, limit of marketability, 2: fair, limit of usability, 1: poor, inedible.
The occurrence of decay was calculated based on the amount of contaminated melon cubes and the results were expressed as a percentage.
Color
Color is one of the key factors strongly influencing visual quality and consumer acceptance. Color measurements were performed using a Konica Minolta chromameter (CR-400 with a D65 light source; Minolta Camera Co., Osaka, Japan) based on the CIELAB color parameters: L* (lightness value), a* (redness value) and b* (yellowness value). The instrument was calibrated with a white ceramic plate (L*= 97.37; a*= 0.00; b*= 1.77). For each set of conditions, color measurements were obtained from 20 cubes, with one reading per cube.
Soluble solid content
Juice samples were prepared by blending and thoroughly mixing melon cubes. Soluble solids were analyzed using a Digital Hand-Held "Pocket" Refractometer PAL-1 (Atago, Tokyo, Japan) and expressed as
• Brix.
Extraction and analysis of beta-carotene
Following Nagata and Yamashita [13] , melon fruit pulp (0.1 g) was extracted with 1.5 mL acetone:hexane (4:6). The mixture was then homogenized with a vortex and incubated at 4
• C in darkness. The homogenate was centrifuged at 15,000 × g for 5 min at 4
• C and 200 µL supernatant from each tube were placed in a 96-well plate (Nunc, Roskilde, Denmark). The absorbance was read at λ = 453, 505, 645 and 663 nm in a micro-plaque reader (Power Wave HT, BioTek, Winooski, VT, USA). The concentration of beta-carotene (in mg 100 mL −1 ) was calculated as follows: and the results are expressed in mg kg −1 fresh weight (FW).
Enzyme activities
Polyphenoloxydase activity
Polyphenoloxydase (EC 1.10.3.1) activity (PPO) was evaluated during storage by the method of Adnan et al. [14] , with slight modifications as follows: 10 g of melon pulp was homogenized in 20 mL potassium phosphate buffer at 0.2 M (pH 6.7) and centrifuged for 10 min at 10,900 × g at 4
• C, discarding the pellet.
PPO activity was determined by mixing 1.0 mL enzymatic extract with 0.5 mL phenol solution and incubating in a water bath at 30
• C for 5 min. The reaction was stopped by the addition of 2 mL ethanol 95%. The absorbance was measured at 420 nm and the activity was expressed as mmol phenol degraded kg −1 FW min −1 .
Peroxidase activity
Peroxidase (EC. 1.11.1.7) activity (POD) was evaluated during storage by the method of Lima et al. [15] . Ten grams of melon pulp were homogenized in 20 mL potassium phosphate buffer at 0.2 M (pH 6.7) and centrifuged for 10 min at 10,900 × g at 4
• C, discarding the pellet. POD activity was determined by mixing 0.5 mL enzymatic extract and 0.5 mL distilled water with 0.5 mL phenol solution and 0.5 mL hydrogen peroxide solution and incubating in a water bath at 30
• C for 5 min. The reaction was stopped by addition of 2 mL ethanol 95%. The absorbance was measured at 505 nm and the activity was expressed as mmol hydrogen peroxide degraded kg −1 FW min −1 .
Statistical analysis
The experimental design was a six (conditions) x five (sampling dates) factorial in a completely randomized design with four replications. Analysis of variance was performed with XLSTAT software (Addinsoft, New York, USA) with the Kruskal-Wallis test, and the averages were compared by the Dunn test (without Bonferroni's correction) at a significance level of P < 0.05.
Results and discussion
Gas change
Gas changes were analyzed in fresh-cut melon packaging ( figure 1) . The initial gas concentrations were close to the values recommended for fresh-cut melon quality maintenance [16] . During the first days, the O 2 content increased and the CO 2 content decreased. These changes were mainly due to gas diffusion through the film which may be higher than just the respiration rate, due to a high gas partial pressure difference. After 2 days, the O 2 content was higher and the CO 2 content was lower in CTRL PLA than in CTRL OPP, revealing the high PLA permeability. This is the main problem of biodegradable packaging film, which has too high a gas permeability to effectively reduce O 2 and increase CO 2 contents around the product. Gas concentration changes can also give information about the effect of heat treatment on the product respiration. During the first 4 days, the O 2 content was lower and the CO 2 content was higher in CTRL OPP than in HT OPP, and the reverse phenomenon was observed at the end of the storage. The respiration rate of fresh-cut melons was first reduced after the heat treatment and then increased. Similarly, Lamikanra
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Time of storage (days) Figure 1 . Oxygen and carbon dioxide changes in fresh-cut melons after heat treatment at 50
• C for 30 min (HT) or not (CTRL), and stored under active modified atmosphere packaging (MAP) with OPP or PLA films or under ambient air (AIR). Samples were stored at 6
• C for 11 days. Vertical bars represent the standard error of the mean (n = 4). The asterisk indicates a significant difference (P < 0.05) among treatments on the same day. Table I . Decay development (in %) of fresh-cut melons after heat treatment at 50
• C for 11 days. et al. [10] and Silveira et al. [17] observed a decreasing respiration rate in fresh-cut melons after a heat treatment of 50
• C for 60 min and 60
• C for 120 s, respectively. Heat treatments performed in non-lethal conditions cause a moderate stress when applied to fruit tissues, which causes a temporary stop of the normal metabolism, that recovers once the fruit returns to non-stressful temperatures [18] . This could explain the observed reduction of respiration after the heat treatment. At the end of the storage, microbial growth or senescence could be responsible for the respiration increase.
Sensory analysis
Appearance is a major criterion for determining the acceptability of products and is currently used as an indicator of freshness and quality in fresh-cut research and industry [19] . The decay development increased during storage (table I). After 7 days, the occurrence of decay was higher in all control samples than in heat-treated samples. Moreover, the HT OPP treatment was the best for significantly reducing decay development throughout the storage period. Heat treatments have been validated by many countries as viable non-chemical disinfestation treatments [20] . Thus, heat treatments could be a step to enhance food safety, as MAP may not fully guarantee microbial safety [21] .
The visual quality scores decreased during the storage for all conditions (figure 2). After 7 days (date limit of Figure 2 . Visual quality scores of fresh-cut melons after heat treatment at 50
• C for 11 days. Vertical bars represent the standard error of the mean (n = 4). The asterisk indicates a significant difference (P < 0.05) among treatments on the same day. consumption), the visual quality score of CTRL AIR was the lowest, 2.00 (fair and limit of usability). Then the scores were 2.50 for CTRL OPP, around 2.75 for both CTRL PLA and HT AIR, and 3.00 (good and limit of marketability) for HT PLA. The score for HT OPP was significantly higher after 7 days (3.75), but also throughout the storage period. This result was correlated with the low decay development in HT OPP samples. The positive effect of heat treatment on the visual quality score was previously observed. For instance, Djioua et al. [12] found that the same heat treatment, 50
• C for 30 min, improved the visual quality of fresh-cut 'Keitt' mangoes for up to 6 days at 6
• C. Regarding the impact of MAP, Oliveira et al. [22] observed that active MAP composed of 5% O 2 with 5% CO 2 and 2% O 2 with 10% CO 2 was effective at maintaining the quality and flavor attributes of fresh-cut 'Orange Flesh' melon. In this study, the combination of the heat treatment and active MAP with OPP film significantly improved both • C for 30 min (HT) or not (CTRL), and stored under active modified atmosphere packaging (MAP) with OPP or PLA films or under ambient air (AIR). Samples were stored at 6
• C for 11 days. Vertical bars represent the standard error of the mean (n = 20) with mean separation by Dunn (P < 0.05).
the decay development and the visual quality of 'Charentais' melons for up to 11 days.
The color was analyzed by the L*, a*, b* system. After the first day, a significant decrease was observed for both a* and b* values in all conditions ( figure 3) . The fresh-cut processing, which is very harmful for products, could explain this quick decrease. At the end of the storage, high color losses were observed for samples stored in the air. The decrease in a* values was 42% and 49% and that in b* values was 33% and 38% for Table II . Soluble solid contents (in • Brix) of the juice of fresh-cut melons after heat treatment at 50
• C for 11 days. Data are means (n = 4) ± standard error with mean separation by Dunn (P < 0.05). Figure 4 . Beta-carotene contents of fresh-cut melons after heat treatment at 50
• C for 11 days. Data are means (n = 4) ± standard error with mean separation by Dunn (P < 0.05).
CTRL AIR and HT AIR, respectively. HT OPP was the only treatment that significantly maintained a* and b*values from day 2 to day 11. HT PLA was the second treatment that slowed down the decrease in these values. These results demonstrate the negative impact of storage in the air for fresh-cut melon. This study also highlights the impact of combining MAP and heat treatment to maintain the pulp color.
For L* values, a decrease was observed in samples stored in the air and samples that were heat-treated. Several authors also observed a decrease in L* when fresh-cut products are subjected to hot water treatment, such as mango [12] or apple [23] . The heat treatment could induce a loss of brightness that cannot be detected visually and that is not correlated with the pulp color.
Soluble solids
During storage, no significant changes were found in the soluble solid contents among treatments (table II) . There is generally no significant effect of heat treatment, either water or hot air, on soluble solids [18] . • C for 30 min (HT) or not (CTRL), and stored under active modified atmosphere packaging (MAP) with OPP or PLA films or under ambient air (AIR). Samples were stored at 6
• C for 11 days. Data are means (n = 4) ± standard error with mean separation by Dunn (P < 0.05). The asterisk indicates a significant difference among treatments for the same day.
Beta-carotene
Melon's antioxidant properties are mainly due to its high amounts of beta carotenoids. During the storage, the betacarotene content remained stable in all control samples whatever the packaging conditions ( figure 4) . When samples were heat-treated, the beta-carotene content increased after 4 days in HT PLA, after 7 days in HT OPP, and only after 11 days in HT AIR. It has been reported that heat treatment, applied as heat shock, may trigger a defense response that can improve post-harvest quality and antioxidants which are directly connected to this defense [24] . The high carotenoid levels in HT OPP and HT PLA samples could have induced the lower decay development.
Enzyme analysis
The activity of two enzymes involved in the browning process of fruits, PPO and POD, was monitored over the storage period. After 2 and 11 days of storage, PPO and POD activities were the highest in HT AIR ( figure 5) . A de novo synthesis of PPO could be suggested as a response to stress, such as reported by Espin et al. [25] , who observed that wounding led to an exponential increase in PPO activity due to the activation of a latent form of PPO by newly formed proteases. This result can be correlated with the high browning process that appeared in our samples stored in the air. Conversely, the melon samples that had a high visual quality score, under the HT OPP treatment, had a reduced activity of PPO and POD after 2 days of storage. The inactivating process of heat treatment on various thermal enzyme activities such as PPO or PAL has already been reported [25] . Sometimes, however, the observations were contradictory, such as those reported by Maghoumi et al. [26] , who showed that heat treatment (55
• C for 30 s) suppressed PPO activity and increased POD activity in freshcut pomegranate. The impact of heat treatment on fruit enzyme activity can therefore change between products and seems to be transient.
Conclusion
Few studies have examined the associated effect of modified atmosphere packaging (MAP) and physical treatment. This study demonstrated that combining active MAP with heat treatment at 50
• C for 30 min applied to whole fruit significantly reduced the visual browning and decay development and increased the beta-carotene content of fresh-cut melon. Heat treatment is suggested as a safe and easy opportunity to extend the shelf life and improve the sensorial attributes of fresh-cut melon stored under MAP.
